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PARTICLE ACCELERATION BY ELECTRON BEAMSt
A. A. KOLOMENSKY
Lebedev Physical Institute, Moscow, USSR
A brief review is given of basic ideas in the field of collective methods of particle acceleration by means of electron
beams. In particular, methods proposed in recent times of acceleration in 'straight' and in closed-circuit, cyclical
beams are considered. Attention is directed primarily to the physical peculiarities of the various methods and to
problems to be solved before they can be realised.
1. INTRODUCTION
The direct application of intense electron beams
in accelerator physics and engineering is based on
the possibility, in principle, of obtaining strong
electromagnetic fields, noted long ago in Ref. 1.
In recent times, considerable success in obtaining
large pulse currents of relativistic electrons
(hundreds of kiloamperes and even megamperes)
has been achieved. For electrons having energies
of several million electron volts or more, when
relativistic compensation of space-charge repulsive
forces is provided, one can obtain small beam cross
section or deep beam modulation even in the case
of the aforementioned high currents. Under such
conditions, fields in the beam can reach values of
the order of 1 GeV per meter, which can be used to
contain, focus and accelerate particles.
Without claiming to be exhaustive, let us list the
basic collective methods of acceleration by means
of electron beams:
1) Acceleration of ions, captured by electron
beams or bunches, during their motion in transverse
direction (relative to the direction of electron
motion providing relativistic magnetic pinching)-
see Refs. 2-4. The ERA method also belongs to
this category, but will not be considered here since
a separate invited paper on this subject has been
presented at this Symposium.
2) Particle acceleration by longitudinal fields
excited by a moving chain of electron bunches or
longitudinal oscillations in the beam. Such
excitation requires some strong mechanism of the
resonances or impact type. 6 In speaking about
mechanisms of exciting longitudinal fields to
t Invited paper presented at the Symposium on Collective
Methods of Acceleration, Dubna, USSR, September 1972.
accelerate particles in various systems and media,
one cannot fail to recall the pioneering work of
I. E. Tamm7 and V. I. Veksler8 on reversing
Cerenkov and polarization losses.
3) Mixed transverse-longitudinal mechanisms-
e.g., acceleration of ions during rotation of an
electron beam.9 - 10 This type of acceleration
includes the case ofthe so-called gyrotron, 11 where a
rotating beam of closed configuration can be used,
in principle, for repeated acceleration of particles.
4) Ion acceleration due to collisions of rela-
tivistic bunches-so-called impact acceleration
proposed by V. I. Veksler8 many years ago.
5) Use of a closed-circuit high-current relativis-
tic beam (motionless as a whole), stabilized due to
the presence of ions, to generate strong magnetic
fields. The original purpose was to create a
collective analog of a strong-focusing synchro-
tron-a cyclic accelerator of approximately con-
stant radius and small vacuum chamber cross
section. This is a possible variant of the so-called
stabilized electron beam proposed by G. I.
Budker.12
6) Ion acceleration during passage of an electron
beam through gas.t. This nlethod is developing
on the basis of the experimentally discovered
acceleration of a relatively large number of ions up
to energies of the order of several MeV per
nucleon.13 ,-lS This phenomenon was discovered
'accidentally', and attempts to explain it were
undertaken only post factum. Therefore, the
further development of this method requires the
creation of special conditions leading to the most
~ This phenomenon was considered in detail by G. Yonas
in an invited paper20 presented at the Symposium on
Collective Methods of Acceleration.








FIG. 1. Illustration of the simplest variant of elec-
tron autoacceleration: U is the voltage induced by











Through this system there passes a bunch of rela-
tivistic electrons. The leading particles excite a
wave in the line having an ,amplitude proportional
to the beam current and to the characteristic
impedance of the line. When the wave, reflected
application to acceleration of ions by means of
electron beams and bunches. But it is undoubtedly
of interest to examine also the acceleration of
electrons themselves. In autoacceleration this is
achieved by using the part of the energy of a high-
current electron beam which is spent on the
excitation of accelerating fields in special passive
elements such as resonators, transmission lines or
waveguides. 6 Interaction with these elements leads
to a redistribution of energy within the beam:
some of the particles are accelerated at the expense
of a decrease in energy of others.
As an illustration of this method consider a
metallic waveguide containing a short-circuited
line with a hollow central conductor (Fig. 1).
2. AUTOACCELERATION OF ELECTRONS
One usually considers collective methods in the
effective use of the electric fields excited by
beams in a gas.
7) Containing and accelerating ions, particularly
heavy, multiply charged particles, in a potential well
of toroidal form (motionless as a whole). The well
is formed by electrons drift,ing in the meridional
plane under the action of an external, azimuthal
magnetic field and self-electric field due to the
space charge. This system, proposed by a group
of US authors in 1966 (see Ref. 16) was called
HIPAC (Heavy Ion Plasma Accelerator), and work
connected with its development is continuing.
This work was started before pulsed, high-current
accelerators of relativistic electrons had been
constructed. Since in the presence of such electrons
the potential well can become, roughly speaking,
y2 times deeper (y is the relativistic factor), the use
of such accelerators as injectors ,in HIPAC may
open up new interesting possibilities.
Some of the above methods were proposed a
relatively long time ago (1'.1 15-20 years), others
quite recently. All are still considerably less
developed than the E.RA method and, as a rule,
have not yet reached the construction stage.
Directions which can lead in the future to the
construction of effective installations are still being
sought. Nevertheless, each new acceleration
mechanisnl proposed is of definite interest both with
respect to the general as well as the applied physics.
One must develop different methods in accordance
with different requirements as to energy, intensity,
working regime and other characteristics dis-
tinguishing existing accelerators of the conventional
type.
In the limited space available, we cannot consider
all methods listed, but shall deal rather only with
several of them, and those only briefly. We shall
deal, in particular, with acceleration mechanisms
proposed and developed in the Laboratory of New
Accelerator Problems of the Lebedev Physical
Institute: autoacceleration of electrons,6 particle
acceleration by means of self-phased electron
bunches,6,18 ion acceleration by scanning and
rotation of electron beams,4,9,10,19 and ion
acceleration in the gyrotron. 11
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FIG. 2. The development of instability in an electron beam moving in a retarding structure: (a) is the initial stage, (b) is










FIG. 3. Lines of electric field excited by a beam in the waveguide structure; (a) is the case of a slow wave: Vphasc <
Vbeam ; (b) is the case of a fast wave Vphase > Vbeam; the band in the middle illustrates density distribution along the beam.
from the short-circuited end, returns, the voltage
at the input of the line changes sign and accelerates
particles of the trailing half of the beam. Thus, it
is possible, in principle, to increase the energy of
half the beam by a factor of two.
As a result of the application of such schemes,
one may be able to accelerate electrons from an
initial energy of the order of several MeV, obtained
in an accelerator-injector, to an energy of the order
of tens and even hundreds of MeV, maintaining
high intensity. The main engineering problem to
be solved to realize' autoacceleration consists in
increasing the breakdown voltage of resonators
and similar devices. In other words, one must
create systems having a more advantageous electric
field distribution than is the case in usual linear
accelerators.
3. ACCELERATION OF ELECTRONS AND
IONS IN SELF-PHASED ELECTRON
BUNCHES
This mechanism is based on the direct interaction
of ions with the field generated when a sequence of
electron bunches passes through a retarding
structure (e.g., a waveguide with dielectric filling
or metallic diaphragms). The purpose of this
structure is twofold: (1) provide a field configura-
tion which makes stable passage of bunches
possible; (2) provide excitation by the beanl of a
wavefield having a sufficiently small phase velocity
to accelerate ions in the resonance manner.
The first of these functions will be fulfilled f
slow waves (Vphase < c) can be propagated in tne
given structure. As is well known, a uniform
electron beam under such conditions is unstable
and excites a longitudinal electric field. One can
expect6 ,18 that as a result of the development of
instability the beam will tend to the self-phased
state, i.e., to a sequence of bunches contained in
the longitudinal direction by their 'self'-field (Figs.
2, 3) (a similar effect in cyclic accelerators was
discussed in Ref. 17). For large beam density,
the development of instability to the saturation
stage (i.e., to the self-phased ,state) can occur in a
sufficiently short time (of the order of several wave
periods). One can call the sequence of potential
wells formed by bunches in a retarding system
'politons' to distinguish them from solitons (solitary
nonlinear waves). Transverse focusing may be
achieved by a longitudinal magnetic field or by gas
focusing, or both.
The fulfilment of the second function of the
waveguide structure means that the wave excited
has a relatively large component being propagated
at the velocity of ions. The change in velocity of
ACCELERATION BY ELECTRON BEAMS 77
this component necessary for acceleration can be
obtained by changing the system parameters along
the particle trajectory, as in a usual linear accelera-
tor. In the case of ion acceleration, it is expedient
to have the accelerating structure in the form of a
line of electrically independent toroidal resonators.
The phase and amplitude of the voltage induced at
the resonators can be regulated by the choice of
distances between them and by the choice of
natural frequencies to provide simultaneously the
necessary conditions for particle acceleration and
longitudinal stability of electron bunches.
The possibility of obtaining very high particle
energy in such systems is limited by breakdown in
the structure and by its total length. . The main
advantages of the self-phased bunches method are
the following:
1) The possibility of exciting the waves of large
amplitude, limited only by breakdown conditions,
in systems having low shunt impedance. This is
related to the fact that power losses in our case are
much less than power introduced by the beam.
2) The possibility of accelerating high currents
of particles of both charge signs without disturbing
the space-time distribution of the high-frequency
field determined only by the electron beam.
3) The absence of expensive transformers and
rf power components.
4. ACCELERATION OF IONS BY
SCANNING AN ELECTRON BEAM
Collective acceleration of protons (and heavier
ions) can be achieved by scanning beams and
bunches of electrons.9,1o,19 'Scanning' here means
the rapid displacement of the beam in a direction
approximately perpendicular to the direction of
electron motion. In the region of beam focus
(crossover), the electric field can reach values of the
order of 0.1-1.0 GVjm, and Coulomb repulsion
here is of no practical danger, since it acts on each
electron for a relatively short interval of time.
In the scanning scheme, the electron beam (ray)
emerging from some point rotates and makes the
captured ions accelerate. In one limiting tease, the
beam moves together with ions approximately
translationally. In another case, ions slip appreci-
ably along the beam and accelerating go over to
larger radii. This regime of beam rotation can be
realized by rotation along the surface of a cone and
by rotation in a plane (Fig. 4)~ The case of uniform
beam rotation is of particular interest since it can















FIG. 4. The instantaneous 'spiral' positions OSt,
08z of the rotating electron beam and correspond-
ing ion trajectories ODt, ODz for two cases:
ct = 0 (no magnetic field) and ct = 2, where ct =
coH/2co, COH = eH/rno cy is gyromagnetic frequency,
co is rotation frequency of a beam.
In developing accelerators on the basis of scan-
ning (as well as on the basis of straight beams), an
important problem is the designing of an effective
system of recuperating electron beam energy. Ob-
taining a sufficiently deep potential well in the
scanning beam associated with increasing beam
density, also represents a problem. There exists
here a favourable circumstance, namely, that under
certain conditions the presence of ions can help to
make the beam more dense due to self-constriction
forces.
5. COLLECTIVE CYCLIC ACCELERATOR-
GYROTRON
One modification of collective particle accelera-
tion-the so-called gyrotron11-has certain hypo-
thetical advantages in comparison with the
collective meth'ods usually considered. The elec-
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tron beam which accelerates ions in a gyrotron can
be used over a relatively long time (or repeatedly),
and ion acceleration can be realized in a continuous
regime. The basic concept of a gyrotron is to use
an electromagnetic field of a special type to make
an electron beam form a closed space configuration
and force it to rotate as a whole. The ions captured
will slip along the space curve of the beam and
experiencing a reaction of constraint will increase
in energy. The simplest variant of a gyrotron is
associated with the use of a rotating electromagnetic
field in a resonator. It is possible to achieve such a
regime of electron motion when each electron moves
along a closed, generally speaking nonplanar, orbit.
In this case, the rotating beam of electrons also will
maintain a closed orbit and will move in a periodic
manner. For acceptable, in principle, parameters
one can speak about the acceleration of ions up to
an energy of the order of GeV in an installation
having dimensions of the order of a meter.
The orbit and beam configurations in a gyrotron
may be quite complicated. However, one can
imagine a rough nonrelativistic mechanical model
of a gyrotron in the form of a wire ring (beam)
rotating about its diameter. A bead (ion) can slip
along the wire and under the action of centrifugal
force tend to move away from the axis to a distance
equal to the ring radius.
It is clear that one must not allow a noticeable
decrease in the depth of the potential well, to which
Coulomb repulsion of electrons leads. This
repulsion is weakened ')'2(1_ f32 sin2 0) times be-
cause of the relativistic effect, where 0 is the angle
of intersection of electrons and beam at a given
point. Only such systems are suitable for which
the angle 0 is small enough (see Ref. 11). Although
accelerated ions themselves can exert some focusing
action, one must provide external focusing too for
stability reasons.
Let us note that for realization of a rotating
electron beam of closed configuration, systems
having constant magnetic fields can be used in
principle.
6. IMPACT MECHANISM OF
ACCELERATION
As to the problem of reaching a superhigh energy
(~ TeV), the impact mechanism of accelerations,21
offers some hope. The simplest variant of this idea
consist in using the collision of a 'heavy' relativistic
bunch with a 'light' bunch at rest. As a result of
such a collision, a large energy will be transmitted
to ions forming a part of the light bunch. If the
relativistic factor of the heavy bunch is y and the
ma~s of the light bunch M L' then after collision the
light bunch under certain conditions will acquire a
energy EL ~ 2ML c2')'2. It is of importance to
realize elastic collision of bunches, where one can
count on an effective gain in ion energy (see Ref. 22).
The theoretical and experimental demonstration
of the possibility of creating compact and long-lived
rings of electron bunches containing some ion,S may
open up new perspectives for the impact method
although there are very serious difficulties. One
must keep in mind that the impact method makes
sense only when electric fields for the acceleration
of bunches reach values of 0.5 MeVlcm and higher,
which corresponds to a number of particles in a
'light' bunch of not less than 1014. At the same
time, the number of electrons in a heavy bunch
(charged, generally speaking) must exceed 1016
(see Ref. 22). In order to compensate the space-
charge repulsion forces, such a bunch must be at
least self-focusing for a sufficiently large internal
electron current. It will be difficult to achieve a
large value of ')' (of the order of tens) for a heavy
bunch because of 'settling' of the accelerating sys-
tem by the large charge of the bunch and the
enormous radiation losses. It is more realistic
apparently to use a nonuniform magnetic field for
this purpose, but it is necessary to have a suffi-
ciently large rotation m~mentum of electrons and
correspondingly a value for Y.l of the order of one
hundred or more.
The problem of creating a heavy ring-shaped
bunch raises several serious theoretical questions, in
particular about the very possibility of the existence
of a toroid for v1')'.1 ~ 1 (v is the number of electrons
for a length equal to the classical electron radius).
Investigations performed to date indicate that in
the conventional variant aiR ~ 1 (a is the small,
R is the large radius of the ring) the purely charged
state fOf v1')'.1 ~ 1 is hardly possible although the
existence of the ring for N i ~ N e has been
demonstrated. 23 The question of the possibility
of the charged formation for N i > Nely2, and for
a ;5 R remains open.
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To date there are no available experimental data
confirming the possibility of a closed configuration
having a large number of charged particles N i ,
N e ~ 1016 • In this respect, of interest are pre-
liminary experiments in the capture of high-current
beams in a closed orbit near metallic surfaces and
in a magnetic field (see also Ref. 24).
These brief considerations on several acceleration
methods by means of electron beams show, on the
one hand, the large potential possibilities of these
methods and, on the other hand, testify to the
serious theoretical and experimental work necessary
for their realization.
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